METHODS
Data are drawn from the Whitehall II study, established in 1985 to examine the socioeconomic gradient in health and disease among 10,308 civil servants (6, 895 consent to participate in the study and the University College London ethics committee approved the study.
Smoking History
Data on smoking were collected at every phase using questions on smoking status (current, past, never), age at which the participant started smoking, average number of cigarettes per day, number of cigars/cigarillos smoked, ounces of tobacco smoked in a pipe or in hand-rolled cigarettes per week (see ). Ex-smokers were asked the age at which they had stopped smoking. The smoking history figure 1 variable was created with the following categories: current smoker at Phase 5 , recent ex-smoker (stopped smoking between Phases 1 " " " "
and 5), long-term ex-smoker (those who stopped before Phase 1) and never smoker . Among smokers at Phase 5, we further used the
amount of tobacco smoked, in total grams of tobacco per day (one cigarette 1 g, one cigar/cigarillos 3 g) , to calculate pack-years of
smoking (average daily number of grams of tobacco divided by 20 and multiplied by the number of years of smoking).
Cognition
Cognitive function was assessed at Phases 5 and 7 using a battery of five standard tasks, described below.
was assessed with a 20-word free recall test. Participants were presented a list of 20 one or two syllable Short-term verbal memory words at two second intervals and were then asked to recall in writing as many of the words in any order and had two minutes to do so.
(Alice Heim 4-I) is composed of a series of 65 verbal and mathematical reasoning items of increasing difficulty . It tests The AH4-I 18 inductive , measuring the ability to identify patterns and infer principles and rules. Participants had 10 minutes to do this section. reasoning was assessed using the , used in its multiple format, consisting of a list of 33 stimulus words Vocabulary Mill Hill Vocabulary test 19 ordered by increasing difficulty and six response choices.
We used two measures of : phonemic and semantic . Phonemic fluency was assessed via S words and semantic verbal fluency 20
" " fluency via animal words. Subjects were asked to recall in writing as many words beginning with s and as many animal names as they
could. One minute was allowed for each test.
Covariates used were age, sex, socioeconomic position (using the British civil service grade of employment -high Socio-demographic variables (administrative), intermediate (professional or executive) and low (clerical or support) grades), education (no or lower primary school, lower secondary school, higher secondary school, university, and higher university degree) and marital status (married/cohabiting, single, widowed, and divorced/separated).
were as follows. Alcohol consumption, assessed via questions on the number of alcoholic drinks ( measures of Health behaviours
The association between smoking status at Phase 1 (never smoker, ex-smoker and current smoker) and mortality till Phase 7 was assessed using Cox regression and that with non-participation in cognitive tests at Phase 7 using logistic regression.
Descriptive analyses as a function of smoking history at Phase 5 were carried out and tested using chi-square analysis for trend for categorical variables and by fitting a linear trend for continuous variables. We first assessed the association between smoking history and continuous measures of cognition using linear mixed-effects models to account for unequal time interval between the two clinical examinations, between 3.9 and 7.1 years. The independent variables were smoking history, time, interaction term between smoking history and time since first cognitive assessment, and other covariates. The dependent variables were the cognitive measures. Next, we examined the association between smoking history and the dichotomised measures of cognition in logistic regression, where the reference group was the never smoker category. Cognitive scores in the lowest sex-specific quintile were seen to represent cognitive deficit at Phase 5 and " " those in the worst sex-specific quintile of change to represent decline. The time interval between the two measures of cognition has been adjusted for in the analyses of change using logistic regression. The analyses were adjusted first for age and sex, then for socio-demographic measures (education and age as continuous, all others as categorical), and finally for health behaviours (all continuous)
and health measures (all vascular risk factors as continuous).
Other ways of looking at smoking history (age of starting smoking, time since stopping smoking, etc.) were also examined in exploratory analysis but are not presented here, except for analysis using pack-years of smoking for current smokers, as the results are " " not strikingly different. In addition, we undertook post-hoc analysis to examine changes in health behaviours (consumption of alcohol and of fruits and vegetable) between Phases 1 and 7 in the four smoking history categories. All analyses were performed using SAS statistical software, version 8.
RESULTS

Sample description and missing data
Of the 10,308 participants at Phase 1 (1985 1988 In order to assess whether the smoking-cognition association is underestimated due to premature mortality among smokers, we examined the association between smoking status at Phase 1 and mortality during the 17.1 (standard deviation 2.3) years of follow-up till =
Phase 7 (
). Current smokers at Phase 1 had a higher risk of dying during follow-up compared to never smokers after adjustment table female smokers (OR, 1.81 (1.35 2.43)) did not undertake the cognitive tests. Long-term ex-smokers and recent ex-smokers at Phase 5
were not different from never smokers . Table 3 Smoking history and cognitive function at Phase 5
The fully-adjusted mixed-effects model showed that smoking history was associated with memory ( 0.01), reasoning ( 0.0004), p= p= vocabulary ( <0.0001), phonemic ( <0.0001), and semantic fluency ( 0.0009). presents results of the logistic regression using p p p= Table 4 binary cognitive outcomes; the sex-specific cut-offs used are also shown. In age-and sex-adjusted models, current smokers were more for memory (OR, 1.37 (1.10 1.73)). Compared to never smokers , the long-term ex-smokers were less likely to have deficits in memory
(OR, 0.79 (0.65 0.96)), the Mill Hill (OR, 0.73 (0.60 0.87)), phonemic (OR, 0.73 (0.61 0.87)) and semantic fluency (OR, 0.75 (0.63
0.89)) in fully adjusted models. Recent ex-smokers also had a reduced risk of poor vocabulary score (OR, 0.65 (0.49 0.85)) and semantic smokers ). In terms of healthy eating, the percentage of participants consuming at least one fruit or vegetable per day increased more " among recent ex-smokers than among never smokers .
shows that recent ex-smokers were at the same level of fruit and
" Figure 2 " " vegetable consumption as current smokers at Phase 1 but by Phase 7 they had reached the same level as long-term ex-smokers and
never smokers .
"
COMMENT
This study presents four key findings. First, smoking in middle is associated with memory deficit and decline in reasoning abilities.
Second, long-term ex-smokers are less likely to have cognitive deficits in memory, vocabulary and in verbal fluency. Third, giving up " " smoking in midlife is accompanied by improvement in other health behaviours. Finally, our results based on a large prospective cohort study of middle-aged British civil servants suggest that the association between smoking and cognition, even in late midlife, could be underestimated due to higher risk of death and non-participation among smokers.
Public health messages on smoking over the past twenty years have led to changes in smoking behaviour . Thus, estimation of 23-25 the association between smoking and any health outcome needs to assess smoking behaviour over time, explore whether change in smoking status is also accompanied by other changes, and to examine possible underestimation of the association due to premature mortality or greater loss to follow-up among smokers. Our analyses show all three aspects outlined above to be important. Exploration of the association between smoking and dementia in the elderly is complicated by the fact that it can only be among those who have survived " long enough to become demented , . The alternative is to examine cognitive deficit and decline at earlier ages. Cognition in midlife is
clinically relevant as research suggests that individuals with mild cognitive impairment progress to clinically diagnosed dementia at an accelerated rate .
6-8
Comparison with others studies
Studies using global cognitive tests (the Mini Mental State Examination, etc.) have found smoking to be associated with cognitive impairment and decline . Smokers have also been reported to have poorer vocabulary , psychomotor speed , visuospatial 26-29  30  31  11 performance , , memory , , and reasoning . Our results suggest poorer performance on memory and reasoning. Thus, the 12 32 12 31 32 27 current evidence does not allow conclusions to be drawn about the association between smoking and specific cognitive domains.
Few studies have examined the association between smoking and cognition in a middle-aged population and only two of them , 9-15replicate these analyses in order to estimate the age at which smoking related decline in memory become apparent. Our results also show a decline in reasoning abilities among both recent ex-smokers and current smokers.
One could expect survival bias due to premature death of smokers to be limited among middle-aged individuals. Few studies , 33 34 have measured this bias or the bias introduced by greater loss to follow-up amongst smokers. In our study, smoking was associated with loss to follow-up, both through death and non-participation. Current smokers at Phase 1 were twice as likely to die during the follow-up
and those who were current smokers at Phase 1 or at Phase 5 were less likely to participate in the cognitive tests. These effects, either due to death or non-participation, were not evident among ex-smokers and their results on the association between smoking and cognition are likely not to be biased. Thus, the risk of cognitive deficit and decline among current smokers in our analyses may have been
under-estimated. It is possible that those who are missing, either due to death or non-participation, had higher risk of cognitive deficit . 35
Previous results on the association between smoking and cognition in ex-smokers are mixed. In the EURODEM study, ex and never smokers did not differ on cognitive impairment . Others have found the risk of cognitive impairment to be lower among ex-smokers 30 compared to never smokers, even though the differences were not significant , . Apart from a few studies , , , most have looked 26 28 12 28 29 at ex-smoking status without distinguishing between long-term and recent ex-smokers , , , , . In the 1946 British Birth Cohort study , long-term ex-smokers had better memory and a slower decline in memory compared to never smokers . In the 12 '
" " "
Honolulu-Asia Aging Study , long-term ex-smokers did not have a lower risk of cognitive impairment than never smokers and recent 28 "
ex-smokers had the same increased risk of impairment as current smokers . Our results show that long-term ex-smokers were
consistently less likely to have cognitive deficits for Mill Hill and verbal fluency. Future studies need to separate out the long-term ex-smokers from the recent ex-smokers.
The association between smoking and cognition could be explained by the fact that smoking is a risk factor of atherosclerotic disease , which is itself related to higher risk of cognitive deficit , . However, we did not find a dose-response association between 36 37 38 pack-years of smoking and cognitive deficit/decline. Some studies have also reported the lack of a dose-response association while 26-28 others have found this effect to be inconsistent , . It is possible that the loss of the heavy smokers, through death and non-participation, 12 30 biases the results using pack-years of smoking. In relation to results among ex-smokers, it has been suggested that some of the differences in cognitive performance between groups defined by their smoking habit may be the consequence of self-selection out of the smoking groups. Thus, smokers with higher cognitive function scores would be more likely to quit and become ex-smokers . This hypothesis is 27
plausible. However, a competing hypothesis is that those who stop smoking also change other health behaviours and possibly other aspects of their life as well. In our population, those who stopped smoking in the ten years preceding cognitive testing improved their other health behaviours (consumption of alcohol, fruits and vegetables) considerably when compared to others.
Strengths
This study has several strengths. The detailed prospective assessment allowed a precise lifelong smoking history to be established and several confounders and explanatory variables were included in the analysis. We were able to examine changes in health behaviours longitudinally. Furthermore, the design of the Whitehall II study allowed us to get a handle on the underestimation of the association between smoking and cognition by evaluating the extent of missing data, related to death during follow-up and to non-participation.
Limits
First, although the sample covered a wide socioeconomic range, the data are from white-collar civil servants and cannot be assumed to represent general populations. Second, smoking habits were self-reported and may have been under-reported. Third, the requirement to write down answers for tests of verbal fluency may have led to a restriction in response range. Finally, it is important to note that change between two time points is not enough to examine intra-individual change and analyses on further waves of data are necessary.
In conclusion, our results show an association between smoking and risk of memory deficit and reasoning decline. These results may have been under-estimated because of premature death and lower participation among smokers. Stopping smoking in middle-age was associated with improvement in other health behaviours and little residual adverse effect of smoking on cognition. Public health messages on smoking should continue to target smokers at all ages. Table 2 Characteristics of the study population at Phase 5 (1997 1999). Table 4 Odds ratio of being in the worst quintile of cognitive function at Phase 5 as a function of smoking status (1997 1999) , N 5,388. Table 5 Odds ratio of being in the worst quintile of change in cognitive function between Phase 5 (1997 Phase 5 ( 1999 and Phase 7 (2002 Phase 7 ( 2004 , N 4,659. 
